Abstract: Avian influenza A viruses are serious veterinary pathogens that normally circulate among avian populations, causing substantial economic impacts. Some strains of avian influenza A viruses, such as H5N1, H9N2, and recently reported H7N9, have been occasionally found to adapt to humans from other species. In order to replicate efficiently in the new host, influenza viruses have to interact with a variety of host factors. In the present study, H7N9 nucleoprotein was transfected into human HEK293T cells, followed by immunoprecipitated and analyzed by proteomics approaches. A series of host proteins co-immunoprecipitated were identified with high confidence, some of which were found to be acetylated at their lysine residues. Bioinformatics analysis revealed that spliceosome might be the most relevant pathway involved in host response to nucleoprotein expression, increasing our emerging knowledge of host proteins that might be involved in influenza virus replication activities.
Introduction
Avian influenza A viruses normally circulate among avian populations and do not efficiently infect humans. However, the viruses change constantly through genome mutation and reassortment and it is possible that these viruses could cross the species barrier to infect humans. The avian-origin influenza A virus strains such as H5N1 and H9N2 have shown their ability to cause severe infections in humans, including the 1997 and 2003 outbreaks in Hong Kong [1] [2] [3] . Recently, cases of human infections with newly reasserted avian influenza A (H7N9) virus have been continuously reported in China since March 2013 [4] [5] [6] , which has received much attention as a potential pandemic threat to public health.
It has been well recognized that a virus, despite having few genes, utilizes many host factors for efficient viral replication in its host cell [7] . Therefore, it is very important to identify virus-host interactions as crucial determinations of host specificity, replication, and pathology. The genome of influenza A virus consists eight segmented negative-sense single-stranded RNA (vRNA), which is wrapped with viral nucleoprotein (NP). NP, one of major structural proteins in influenza virus, executes multiple functions necessary for replication and transcription of vRNA during the virus life cycle [8] [9] [10] . Many efforts have been made to search host proteins associated with NP, which play critical roles in assembling the viral RNA replication complex, recognizing viral RNA replication templates. The cytoskeleton scaffolding protein α-actinin-4 was identified as a novel interacting partner with influenza A viral NP in the virus infection period [11] . Using Gal4-based yeast two-hybrid (Y2H) assay, ten potential human host cell proteins that interact with influenza A viral NP were identified, which were involved in various host cell processes and structures [12] . In another work using strep-tagged viral nucleoprotein (NP-Strep) as bait, 41 vRNP-associated cellular interaction partners were identified by mass spectrometry [13] . In addition, the study of the interaction between host and virus can provide new ideas for the development of clinical drug target and the prevention of disease. For example, using forward chemical genetics, influenza A nucleoprotein (NP) was identified as a valid target for a compound, nucleozin, which could inhibit NP's nuclear accumulation [14] .
In the present study, we purified NP from transiently transfected HEK293T cells by co-immunoprecipitation, from which a series of host proteins co-immunoprecipitated were identified by proteomics approaches. Acetylation modifications on lysine residues of some host proteins were detected with high confidence. Bioinformatics analysis of the obtained proteomics data revealed that spliceosome might be the most relevant pathway involved in host response to nucleoprotein expression.
Results and Discussion

Expression and Immunoprecipitation of NP
The pCMV-NP plasmid included full length NP sequence (Influenza A H7N9 (A/shanghai/1/2013)), which had Ampicillin resistance and thus could be purified and amplified in LB media supplemented with Ampicillin when transformed into E.coli DH5α. The sequence accuracy of cloned NP was confirmed by gene sequencing as indicated in Figure S1 in supplementary materials. The pCMV-NP plasmid was transfected into HEK293T cells and incubated for 36 h, whereas an empty pCMV plasmid was used as negative control in separate HEK293T cells. As expected, overexpression of NP was validated by western blotting assay, as shown in Figure 1A , in which parallel western blotting of actin was used as a protein loading quantification control. In immunoprecipitation experiments, a kit from Pierce was chosen. Of note, the kit enables highly efficient antigen immunoprecipitations by coupling antibody to the beads and then covalently crosslinking to the beads with DSS. As shown in Figure 1B , NP expressed in HEK293T cells transfected by pCMV-NP was efficiently immunoprecipitated using the crosslink IP kit.
Int. J. Mol. Sci. 2015, 16 3
Results and Discussion
Expression and Immunoprecipitation of NP
The pCMV-NP plasmid included full length NP sequence (Influenza A H7N9 (A/shanghai/1/2013)), which had Ampicillin resistance and thus could be purified and amplified in LB media supplemented with Ampicillin when transformed into E.coli DH5α. The sequence accuracy of cloned NP was confirmed by gene sequencing as indicated in Figure S1 in supplementary materials. The pCMV-NP plasmid was transfected into HEK293T cells and incubated for 36 h, whereas an empty pCMV plasmid was used as negative control in separate HEK293T cells. As expected, overexpression of NP was validated by western blotting assay, as shown in Figure 1A , in which parallel western blotting of actin was used as a protein loading quantification control. In immunoprecipitation experiments, a kit from Pierce was chosen. Of note, the kit enables highly efficient antigen immunoprecipitations by coupling antibody to the beads and then covalently crosslinking to the beads with DSS. As shown in Figure 1B , NP expressed in HEK293T cells transfected by pCMV-NP was efficiently immunoprecipitated using the crosslink IP kit. 
Identification of Cellular Proteins Co-Immunoprecipitated with NP
The protein samples eluted from antibody-crosslinked beads by acidic Elution Buffer were neutralized and then buffer-exchanged with a buffer containing 8 M urea, followed by DTT reduction and IAA alkylation. The protein samples were then subject to tryptic digestion. The digests were analyzed by nano-LC-MS/MS, followed by protein identification through database searching. As expected, NP was solely identified in samples immunoprecipitated from pCMV-NP-transfected cells, of which 32 unique peptides were retrieved with sequence coverage (95) of 39.36% as indicated in Table S1 in supplementary materials.
Besides the identified NP, a series of cellular proteins were positively identified when the MS/MS data were searched against protein database of Homo sapiens instead of Influenza virus. These proteins were originated from host HEK293T cells and co-immunoprecipitated with NP. Notably, cellular proteins other than NP were detected in both samples from pCMV-NP-transfected cells and those from empty pCMV-transfected control cells. The proteins detected in the control sample were viewed as "background noise" signals, which were supposed to be resulted from non-specific binding with either NP or antibody-crosslinked beads or both. Therefore, proteins that were solely detected in co-immunoprecipitated samples from pCMV-NP-transfected cells but not from control cells were selected as identities specifically co-immunoprecipitated with NP, as indicated in Table 1 . Additionally, proteins that were detected in co-immunoprecipitated samples from both pCMV-NP-transfected cells and control cells but had significantly higher summed peptide intensity (10-fold increase) in sample of pCMV-NP-transfected cells than in that of control cells were also included in Table 1 . The detailed results from database searches were included into supplementary files (Table S2) .
In our study, Co-IP followed by proteomics analysis was used to find proteins associated with H7N9 nucleoprotein, whereas most of similar published work used different approaches. For example, a yeast two-hybrid system was used to screen proteins interacted with NP [12] . Strep-tagged viral nucleoprotein (NP-Strep) was used to purify reconstituted vRNPs to identify cellular factors associated to these native viral complexes [13] . Different approaches usually resulted in some discrepancies between our work and other published studies. Nevertheless, some of results in our study are well validated by previously published work. Cytoskeleton scaffolding protein α-actinin-4 was found to be associated with H7N9 nucleoprotein in our study, which was previously identified as interacting partner with IAV nucleoprotein [11] .
It should be noted that some well-established interacting partners IAV nucleoprotein such as importin and exportin were not detected in our assay. This might be due to the host restriction on the NP protein. It has been realized that NP not only displays a clear boundary between human and avian viruses from histogram analysis but also contains more species-associated amino acid signatures [15] . Within the NP, there are amino acid signatures found within different host species [16] . These host-specific amino acid residues may result in differences in affinities for the various host proteins with which they interact or they may result in differences in how the NP interacts with other viral proteins that have also made host-specific adaptations [17] . In our study, the NP was of typical avian origin, which might have too low affinities with some interacting partners in human cells to be captured by Co-IP. 
Lysine Acetylation Modifications Identified in Some of Cellular Proteins Co-Immunoprecipitated with NP
Among the identified host proteins co-immunoprecipitated with NP, some were found to be acetylated at lysine residues, including the Histone H3 and H4 that were well-recognized as the chief protein components of chromatin. Figure 2 illustrated MS/MS spectra of three correlated peptides GLGKGGAKR (10-18), GGKGLGKGGAKR (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , and GKGGKGLGKGGAKR (5-18) of Histone H4, in which all the lysine residues in these peptides were acetylated. Histones play a key role in gene regulation, which could be affected by several kinds of posttranslational modifications (methylation, acetylation, phosphorylation, and so on) that alter their interaction with DNA and nuclear proteins. Influenza A virus vRNPs were reported to associate with vRNPs interact with histone tails to modulate the release of vRNPs from chromatin [18] . Besides Histone H3 and H4, six host proteins that were co-immunoprecipitated with NP were also observed to be acetylated at their lysine residues, as indicated in Table 2 .
Bioinformatics Analysis
The obtained protein data were analyzed using bioinformatics approaches, in an effort to extract information relevant to involved pathways. An overview of NP-related proteins in biological process (BP), cell component (CC), and molecular function (MF) categories by gene ontology (GO) analysis, respectively, was shown in Figure 3 . In the BP analysis, the majority of identified proteins were classified into metabolic processes, especially in cellular nitrogen compound metabolic process and nucleic acid metabolic process. The CC analysis showed that most of identified protein belonged to organelle and nuclear component. Molecular functional classification of these proteins revealed that most were involved in protein binding, cyclic compound binding, and nucleic acid binding. The result from GO analysis indicated that these NP-related host proteins exhibited a wide variety of cellular distributions and functions, in accordance with the fact that NP, the structural component of the virus, participated in multiple indispensable activities via its interaction with the components of host cells [19] [20] [21] . Next, KEGG analysis revealed that the most active pathways involved were those related to RNA metabolism that was well concordant with the major functions of NP (Figure 4 ). Among them, spliceosome was the most significantly enriched pathway, which contained seventeen proteins co-immunoprecipitated with NP, as shown in Figure 5 . NP was supposed to interact with spliceosome in host cells, interfering with the maturity of mRNA from pre-mRNA. For example, interaction of NP with a cellular splicing factor, UAP56, resulted in enhanced influenza virus RNA synthesis. UAP56 was found to bind to the N-terminal region of NP, a domain essential for RNA binding, facilitating the formation of complexes between NP and RNA [22] . In addition, other processing and splicing factors, including heterogeneous nuclear ribonucleoproteins (hn-RNPs) and serine-arginine-rich (SR) proteins, were characterized as interacting partners with viral NP. hnRNPs are supposed to function to prevent the folding of pre-mRNA and to export mRNA out of the nucleus, while SR proteins can act as splicing enhancers by stabilizing the spliceosome assembly. SRSF1, one of SR proteins identified by proteomics approaches in this study, was found to be involved in interaction between H9N2 virus and infected human cells [23] , which was further confirmed by Western blotting analysis as indicated in Figure S2 in supplementary files. To further extract relevant information from the identified protein data, a more comprehensive bioinformatics analysis of the proteomics data was performed using Cytoscape, a powerful tool for integrating protein-protein interaction (PPI) networks into a unified conceptual framework. Again, PPI analysis identified spliceosome as the most significantly enriched pathways indicated in Figure 6 . Next, KEGG analysis revealed that the most active pathways involved were those related to RNA metabolism that was well concordant with the major functions of NP (Figure 4 ). Among them, spliceosome was the most significantly enriched pathway, which contained seventeen proteins co-immunoprecipitated with NP, as shown in Figure 5 . NP was supposed to interact with spliceosome in host cells, interfering with the maturity of mRNA from pre-mRNA. For example, interaction of NP with a cellular splicing factor, UAP56, resulted in enhanced influenza virus RNA synthesis. UAP56 was found to bind to the N-terminal region of NP, a domain essential for RNA binding, facilitating the formation of complexes between NP and RNA [22] . In addition, other processing and splicing factors, including heterogeneous nuclear ribonucleoproteins (hn-RNPs) and serine-arginine-rich (SR) proteins, were characterized as interacting partners with viral NP. hnRNPs are supposed to function to prevent the folding of pre-mRNA and to export mRNA out of the nucleus, while SR proteins can act as splicing enhancers by stabilizing the spliceosome assembly. SRSF1, one of SR proteins identified by proteomics approaches in this study, was found to be involved in interaction between H9N2 virus and infected human cells [23] , which was further confirmed by Western blotting analysis as indicated in Figure S2 in supplementary files. To further extract relevant information from the identified protein data, a more comprehensive bioinformatics analysis of the proteomics data was performed using Cytoscape, a powerful tool for integrating protein-protein interaction (PPI) networks into a unified conceptual framework. Again, PPI analysis identified spliceosome as the most significantly enriched pathways indicated in Figure 6 . Significantly enriched spliceosome pathway. Up to seventeen proteins labeled in pink were identified by proteomics approach in the present study, which were co-immunoprecipitated with NP. Seventeen proteins displayed in pink color were listed as follows: P68; U2Aʹ; U2Bʺ; SF3a; SF3b; U2AF; PUF60; Prp43; Snu13; eIFA13; magoh; UAP56; CBP80/20(NCBP1); hnRNPs(RBMX,HNRNPM); SR(SRSF1,TRA2B). The green color represents other proteins in spliceosome pathway. Significantly enriched spliceosome pathway. Up to seventeen proteins labeled in pink were identified by proteomics approach in the present study, which were co-immunoprecipitated with NP. Seventeen proteins displayed in pink color were listed as follows: P68; U2Aʹ; U2Bʺ; SF3a; SF3b; U2AF; PUF60; Prp43; Snu13; eIFA13; magoh; UAP56; CBP80/20(NCBP1); hnRNPs(RBMX,HNRNPM); SR(SRSF1,TRA2B). The green color represents other proteins in spliceosome pathway. Significantly enriched spliceosome pathway. Up to seventeen proteins labeled in pink were identified by proteomics approach in the present study, which were co-immunoprecipitated with NP. Seventeen proteins displayed in pink color were listed as follows: P68; U2A'; U2B"; SF3a; SF3b; U2AF; PUF60; Prp43; Snu13; eIFA3; magoh; UAP56; CBP80/20(NCBP1); hnRNPs(RBMX,HNRNPM); SR(SRSF1,TRA2B). The green color represents other proteins in spliceosome pathway.
Throughout infection process, influenza viruses hijack a variety of host biochemical machineries. For example, influenza viruses rely on host spliceosome to generate specific spliced influenza virus products during their replication cycles. As a necessary step for viral replication, splicing appears to be much important, especially for "simple" organisms with very small genome such as influenza. Even though several spliced transcripts of NS and M segments have been well characterized, the molecular mechanism underlined is still not fully understood. Therefore, efforts should be made to better understand the fine regulation mechanisms of splicing of viral segments, with respect to viral replication, host range, and pathogenicity.
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was from Santa Cruz Biotechnology (Dallas, TX, USA). High glucose DMEM medium and fetal bovine serum (FBS) were purchased from Hyclone (Logan, UT, USA). Endo-free plasmid maxi kit was a product from OMEGA Bio-Tec (Norcross, GA, USA). ECL chemiluminescent reagents were from Thermo Scientific (Rockford, IL, USA). Ammonium bicarbonate, dithiothreitol (DTT), and iodoacetamide (IAA) were purchased from Bio-Rad (Hercules, CA, USA). All the other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultra-pure water was prepared by a MilliQ water purification system (Millpore, Bedford, MA, USA).
Plasmid Construction, Amplification and Transfection
The pCMV-NP plasmid was constructed by Sino Biological Inc (Beijing, China). The full length NP sequence (Influenza A virus H7N9 (A/shanghai/1/2013)) was inserted into pCMV plasmid through two restriction sites (KpnI and XbaI). The pCMV-NP plasmid was transformed into E.coli DH5α, of which the positive clone was screened on LB agar plate containing 60 µg/mL Ampicillin. Then, the selected clone was amplified with shaking (200 rpm) in LB media supplemented with 60 µg/mL Ampicillin at 37˝C overnight and the plasmids were extracted using endo-free plasmid maxi kit (OMEGA). To confirm the sequence accuracy of cloned NP, the pCMV-NP plasmid was sequenced using a pair of primers as follows: TAATACGACTCACTATAGGG (forward), TAGAAGGCACAGTCGAGG (reverse).
HEK293T cells were cultured in high glucose DMEM medium containing 10% fetal bovine serum at 37˝C in a CO 2 incubator. Until the cell density reached 80%-90%, the pCMV-NP plasmid containing full length gene of nucleoprotein from influenza A H7N9 (A/shanghai/1/2013) was transfected into HEK293T cells cultured in 10 cm dishes using Lipofactamine 2000 following the manufacturer's protocol. As a negative control, an empty pCMV plasmid was transfected into HEK293T cells under the same conditions as above. All the transfected cells were incubated for 36 h.
Co-Immunoprecipitation
The crosslink magnetic IP/Co-IP kit from pierce was used to capture nucleoprotein-binding cellular proteins by co-immunoprecipitation (co-IP) according to the manufacturer's instruction. Briefly, the beads were pre-washed two times with 1X Modified Coupling Buffer and then bound with rabbit anti-nucleoprotein monoclonal antibody for 15 min. After washed three times with 1X Modified Coupling Buffer, the beads were covalently coupled with the bound antibody by disuccinimidylsuberate (DSS) for 30 min. The crosslinked beads were washed three times with Elution Buffer to remove unbound antibody in the reaction mixture, followed by two washes with IP Lysis/Wash buffer.
The transfected cells were lysed in IP Lysis/Wash buffer (pH 7.4, 25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP40, 5% glycerol). The lysates were cleared by centrifugation and adjusted to identical concentration by IP Lysis/Wash buffer after Bradford protein quantification, from which small aliquots were removed for Western blotting analysis. The antibody-crosslinked beads were added into the lysates and incubated overnight at 4˝C. The beads were collected by magnetic force and the supernatants were transferred into new vials for Western blotting analysis. After washed several times with IP Lysis/Wash Buffer and one time with ultrapure water, the beads were incubated with Elution Buffer, from which the antigen (nucleoprotein), as well as the co-precipitated cellular proteins, was eluted. A negative control IP was performed as above, except that lysates of HEK293T cells transfected with an empty pCMV plasmid was used. To neutralize the low pH, add 10 µL of Neutralization Buffer for each 100 µL of eluate for each sample. All samples were stored at´80˝C, from which small aliquots were removed for Western Blotting analysis.
SDS-PAGE and Western Blotting
Samples were subjected to electrophoresis in 12% Tris-glycine-SDS polyacrylamide gel using a Mini-Cell system (Bio-Rad, Hercules, CA, USA). Gels were electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes (0.45 µm pore size). The blotted membranes were blocked with 5% nonfat dry milk in a buffer (25 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) for 2 h at room temperature, followed by incubation with the diluted primary antibody against NP for 4 h at room temperature. After washing for 10 min in TBST solution, membranes were incubated with properly diluted secondary antibody conjugated with horseradish peroxidase for 2 h at room temperature. Western signals were developed using ECL chemiluminescent reagents from Thermo Scientific (Waltham, MA, USA).
Filter-Aided Buffer Exchange and Trypsin Digestion
Prior to in-solution tryptic digestion, the samples were subject to buffer exchange as previously described [24] . Briefly, samples were diluted with equal volume of Buffer 1 (8 M urea, 0.1 M Tris-HCl, pH 8.0) and transferred into 1.5 mL 10KD ultrafiltration centrifuge tubes. After centrifugation (12,000 rpm, 20 min, 4˝C), the concentrate was diluted with 200 µL of Buffer 1 and the ultrafiltration device was centrifuged. This buffer exchange was repeated for additional two times. Then, the sample was diluted with 90 µL Buffer 1 containing 10 mM DTT and incubated at 37˝C for 1 h, followed by centrifugation (12,000 rpm, 10 min, 4˝C). The alkylation reaction was carried out by adding 90 µL Buffer 1 containing 50 mM iodoacetamide in the dark at room temperature for 15 min. After centrifugation (12,000 rpm, 10 min, 4˝C), the protein sample was washed three times (one wash with Buffer 1 and two washes with 50 mM ammonium bicarbonate solution). TPCK-modified sequencing-grade trypsin was added at an enzyme/protein ratio of 1:100. Digestion was performed at 37˝C for at least 15 h and stopped by adding 10% formic acid to a final concentration of 1%. The tryptic digests were collected by centrifugation andpurified over C18 Ziptips. The desalted digests were freeze-dried and kept at´80˝C.
Nano-LC-MS/MS and Data Processing
The desalted peptides were re-solubilized in 10 µL of 0.1% (vol/vol) trifluoroacetic acid. The tryptic peptide sample was loaded onto a peptide trap column, then separated by a C18 capillary column (ChromXP, Eksigent Technologies, 150 mmˆ75 µmˆ3.0 µm, Silicon valley, San Francisco, CA, USA) at 300 nL/min delivered by an Eksigent nanoLC pump (Silicon valley). The elution gradient was run using mobile phase A (2% acetonitrile/0.1% formic acid) and B (98% acetonitrile/0.1% formic acid) from 0 to 60 min with 5%-30% B followed by 60-75 min with 28%-42% B and 75-85 min with 42%-85% B. A TripleTOF 5600+ mass spectrometer coupled with a nanospray source was used to analyze peptides eluted from capillary C18 chromatography. Information Dependent Acquisition was chosen to perform MS/MS experiments, wherein the switch criteria were as follows: the range of m/z is 350-1250 m/z; the number of charged ions is 2-5; the collision energy is applied in the mode of Rolling Collision Energy.
The collected data files (.wiff) were transferred to the data processing workstation. MS data analysis software ProteinPilot 5.0 (AB Sciex, Framingham, MA, USA) was used for protein database searching against SwissProt database. Parameters were set as follows: protease was chosen as Trypsin; alkylation of Cys by iodoacetamide is chosen; biological modifications were chosen as ID Focus.
Bioinformatics Analysis
The multi-omics data analysis tool, OmicsBean, was used to analyze the obtained proteomics data (http://www.omicsbean.com:88/), in which distributions in biological functions, subcellular locations and molecular functions were assigned to each protein based on Gene Ontology (GO) categories. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed in order to enrich high-level functions in the defined biological systems. Protein-protein interaction (PPI) analysis was using Cytoscape software [25] , in which confidence cutoff of 400 was used:
interactions with bigger confident score were show as solid lines between genes/proteins, otherwise in dashed lines.
Conclusions
Avian influenza A viruses are serious veterinary pathogens that normally circulate among avian populations, causing substantial economic impacts. Some strains of avian influenza A viruses, such as H5N1, H9N2, and recently reported H7N9, have been occasionally found to adapt to humans from other species. In order to replicate efficiently in the new host, influenza viruses have to interact with a variety of host factors. The present study identified a variety of host proteins that might interact with H7N9 nucleoprotein expressed in human HEK293T cells, using a proteomics approach. Bioinformatics analysis suggested a role for spliceosome pathway in host response to nucleoprotein expression, increasing our emerging knowledge of host proteins that might be involved in influenza virus replication activities.
